The solvation structure and dynamics of Cu 2+ in 18.6 % aqueous ammonia have been investigated using an ab initio quantum mechanical charge field molecular dynamics (QMCF MD) simulation approach at the Hartree-Fock (HF) level of theory applying the LANL2DZ ECP and Dunning DZP basis sets for Cu 2+ , ammonia and water, respectively. During a simulation time of 20 ps, only NH 3 molecules are observed within the first solvation shell of Cu 2+ , resulting in the formation of an octahedral [Cu(NH 3 ) 6 ] 2+ complex. While no exchange of these ligands with the second solvation shell are observed along the simulation, the monitoring of the associated N-N trans distances highlight the dynamics of the associated Jahn-Teller distortions, showing on average 2 elongated axial (2.19 Å) and 4 equatorial Cu-N bonds (2.39 Å). The observed structural properties are found in excellent agreement with experimental studies. In addition, an NBO analysis was carried out, confirming the strong electrostatic character of the Cu 2+ -NH 3 interaction.
Introduction
Detailed studies focused on the solvation of transition metal ions, in particular Cu 2+ , are essential to obtain a detailed understanding of the broad range of physico-chemical properties being also highly relevant for environmental and biochemistry as well as material sciences [1] [2] [3] [4] [5] . Experimental investigations of ion solvation are generally performed via diffraction and spectroscopic investigations. In addition to these experimental studies, theoretical approaches executed at a quantum chemical level of theory proved as a highly successful alternative route to achieve an accurate description of solvated systems at the molecular scale [6] [7] [8] [9] [10] . Both, experimental and theoretical studies have been widely employed to explore the properties of solvated ionic species, and in particular to study structure (e.g. ion-solvent distance, coordination number) and dynamics (e.g. ligand exchange, conformational changes) of the solvation complex. However, in case of Cu 2+ in solution [11] [12] [13] a degree of uncertainty with respect to the precise number of solvent molecules remains, which can be linked to the d 9 electron configuration of Cu 2+ , which make the system susceptible to Jahn-Teller distortion resulting in a deformation of the underlying structural motifs [14, 15] .
The properties of purely hydrated as well as ammonia-coordinated Cu 2+ in aqueous solution have been characterized using various experimental and theoretical approaches. The hydration of Cu 2+ has been investigated by neutron diffraction [13] , X-ray absorption near-edge spectroscopy (XANES) [16] , neutron and X-ray scattering [17] , and was also studied using computational methods like hybrid quantum mechanical/molecular mechanical molecular dynamics (QM/MM MD) simulations [11] as well as the quantum mechanical charge field molecular dynamics (QMCF MD) approach [15] . These studies report 5-as well as 6-fold coordination complexes to be formed. The predominantly 5-fold coordination observed in the majority of experimental studies concluded that the Jahn-Taller destabilization is remarkably present in this system. Extended X-ray Absorption Fine Structure (EXAFS) measurements [18] of Cu 2+ containing complexes in the solid-state often show an octahedral configuration subject to dominant tetragonal Jahn-Teller distortions [19] . Similarly, computational studies at quantum mechanical level of theory [11, 15] report a stable octahedral coordination complex for aqueous Cu 2+ .
The structure of Cu 2+ complexes in pure liquid and aqueous ammonia have also been target of experimental and computational investigations. EXAFS studies of Cu 2+ in aqueous ammonia solution showed that the solvation of Cu 2+ changed from axially-elongated octahedral to distorted square-planar upon increase of the pH value of the solution [1] . Nilsson et al. [7] investigated the coordination structure of Cu 2+ in liquid and aqueous ammonia solution and reported that the solvation structure corresponds to a Jahn-Teller distorted octahedron with distinct equatorial and axial coordination sites. A QM/MM MD simulation study of Cu 2+ in pure liquid ammonia also showed that the structural motif corresponding to a distorted octahedron predominates in the simulation, however, the structure undergoes rapid re-arrangement of axial and equatorial ligands on the picosecond scale due to the dynamical properties of the Jahn-Teller effect in solution [12] .
Although several experimental methods have been applied to study the solvation of Cu 2+ in solution, its tendency to lead to Jahn-Teller distortions makes the study of structural and dynamical properties of Cu 2+ in solution highly challenging. On the other hand, theoretical methods provide the possibility to access ultrafast dynamical phenomena occurring on much shorter time frames than can be accessed with the majority of experimental techniques. To the best of knowledge no QM-based simulation study focusing on the solvation of Cu 2+ in aqueous ammonia has been carried out as of yet.
A particularly successful class of methods to study ion solvation are QM/MM MD simulation techniques, since in these approaches the immediate ion-ligand interactions are treated via electronic structure theory [15, [20] [21] [22] [23] [24] [25] . However, if the QM-region is restricted to only accommodate the solvent and its entire first solvation shell, ion-ligand non-Coulombic potentials representing the interaction between the ion located in the center of the QM zone and solvent molecules in the MM region have to be provided. In many cases, the construction of these QM/MM non-Coulombic coupling potentials is difficult and timeconsuming while at the same time the achievable accuracy is often limited [26] . A strategy to overcome this obstacle is to extend the size of the QM-region to include both the first and the second solvation shell as realized in the QMCF-MD approach [27, 28] . As a result of the increased distance between the solute and MM molecules, the application of the ion-solvent QM/MM coupling potential is not required, while at the same time the two-shell QM treatment leads to an improved description of the system [27, 28] . The QMCF MD technique has proven to be an accomplished method for studying ion solvation [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and has been successfully applied to investigate the structural and dynamical properties of various systems in aqueous ammonia solution [41, 42] .
The natural bond orbital (NBO) approach is a method to evaluate electronic orbitals and their respective population based on the analysis of the quantum mechanical wave function, by translating the description resulting from occupied molecular orbitals into a representation corresponding to the concepts of chemical bonding [43] . An NBO analysis provides detailed information about bond formation as well as electronic donor-acceptor properties of the involved molecular species [44] [45] [46] [47] . The numerical value correlated to the number of electron pairs localized in a bond between two atoms, the Wiberg bond index (WBI), is one of the main results obtained from an NBO analysis [48] . The dominating contribution to the ion-ligand interaction in solvated systems involves the delocalization of the ionic charge, which is influenced by the number of coordinating ligands and the respective coordination geometry [49, 50] .
In the present work, a combination of the QMCF-MD simulation approach and an NBO analysis was applied to study the structural and dynamical properties of Cu 2+ in 18.6 % aqueous ammonia solution, with special focus on the characterisation of the underlying Jahn-Teller effect. The solvation structure has been analyzed via radial and angular distribution functions (RDFs, ADFs) as well as coordination number distributions (CNDs). The dynamical properties have been evaluated using the velocity autocorrelation function (VACFs) projected onto the fundamental modes of the octahedral coordination complex, while the calculation of mean ligand residence times (MRTs) was carried out via the "direct method" for NH 3 and H 2 O ligands in the second solvation shell. In addition, the time-evolution of first shell N-N trans-pairs provides an intuitive measure to highlight the dynamical character of the Jahn-Teller effect in solution. Finally, the results of an NBO evaluation are reported, providing detailed insight of the underlying ion-ligand interaction and the respective donor-acceptor stabilization energies.
Computational methodology
In this work the QMCF MD simulation approach [27, 29] is employed to achieve a computational description of the system. In this method the extended QM region is further divided into two sub-regions, being the inner core region containing the Cu 2+ ion and the ammonia molecules of the first solvation shell, while the outer solvation layer includes the entire second solvation shell of the solute. Furthermore, the atomic partial charges of all MM molecules within the Coulombic cutoff are included as an external potential into the Hamiltonian of the QM system. This approach referred to as electrostatic embedding modulates the electron density close to the QM/MM interface and was shown to improve the coupling between the QM and MM zone. The partial charges of all atoms inside the QM region were obtained using Mulliken population analysis in every simulation step [28, 51] . To ensure a smooth transition of molecules between the QM and MM zone, a smoothing region with thickness of 0.2 Å is applied at the QM/MM interface. Here, the forces are computed twice, the first time at the QM level and a second time as if the molecule was already part of the MM zone, enabling an interpolation of the force contributions according to a continuous smoothing function. Further details on the calculations of the interactions in QMCF-MD approach have been published previously [51] [52] [53] .
Simulation protocol
The QMCF-MD simulation was performed in a cubic simulation cell with a side length of 31.75 Å consisting of one Cu 2+ ion, 815 ammonia and 184 water molecules. This setup corresponds to 18.6 % aqueous ammonia at the experimental density of 0.927 g cm −3 [54] . The simulation was carried out in a canonical (NVT) ensemble under periodic boundary conditions and the minimum image convention was applied to all interactions. A second order Adams-Bashforth predictor-corrector algorithm was used to integrate the equation of motions with a time step of 0.5 fs. The temperature was set to 298.15 K corresponding to the experimental temperature employed to study 18.6 % aqueous ammonia solutions [54] . To maintain constant temperature conditions along the simulation the Berendsen algorithm with a bath relaxation time of 0.1 ps was employed [55] . The Barker-Watts reaction field approach was used to account for the cutoff of long-range electrostatic interactions in the simulation [56] .
The radius of the QM region was set to 6.5 Å, and a smoothing region with a thickness of 0.2 Å was applied to ensure continuous transitions of molecules between the QM and MM zones [57] . The calculation method of this simulation was Hartree-Fock, the respective basis sets applied to Cu 2+ and all solvent molecules (H 2 O, NH 3 ) were LANL2DZ-ECP and Dunning DZP, respectively. The flexible BJH-CF2 water model [58] was employed to describe all water interactions, enabling the description of explicit hydrogen motion. A flexible ammonia potential model [59] was used to describe the respective intra-and inter-molecular potential contributions. The interaction between NH 3 and H 2 O in the MM region is described using a previously published pair potential [60] . The starting configuration for the QMCF MD simulation was obtained via classical MD employing published pair potentials for the Cu 2+ -O and Cu 2+ -N interactions [61] . First, the system was equilibrated for several hundred picoseconds using classical MD until a stationary temperature control was achieved after including heating and cooling conditions. After confirming stationary total energy and temperature, the system was re-equilibrated using QMCF MD for 4 ps to reach rapid equilibration. Next, data sampling was carried out for 20 ps. All quantum mechanical calculations in the QMCF MD simulation were executed using TURBOMOLE 5.9 [62, 63] . The VMD package was employed to visualize the trajectory data [64] .
The NBO analysis was performed using Gaussian 09 [65] , applying the respective molecular coordinates extracted from the QMCF MD simulation trajectory. The specific frame with the most stable geometry was employed as starting configuration for the NBO analysis, which was subsequently energy minimized at the HF level of theory using the LANL2DZ ECP basis set for Cu(II) and Dunning DZP for the solvent molecules. Finally, the NBO analysis was carried out, and the associated Wiberg bond index and stabilization energies were calculated.
Analysis
The structural properties of the Cu 2+ -solvation are analyzed via radial and angular distribution functions (RDFs, ADFs), as well as the respective coordination number distributions (CNDs). In addition, to investigate the exchange dynamics of water and ammonia ligands in the second solvation shell, the MRTs are calculated by counting the number of successful ligand exchange via the "direct method" [38] : 
with N and N t representing the number of particles and time origins t I , respectively, and v J corresponds to a particular velocity components of particle J. By projecting the velocities onto the fundamental modes of the octahedral coordination complex, a decomposition of the vibrational characteristics according to the fundamental modes being A 1g , E g , T 1u and T 2g is achieved [66] .
A second-order perturbation theory analysis of the Fock matrix is performed to calculate the donoracceptor interactions in the NBO basis [67] . The interactions are based on the loss of occupancy from the localized NBOs in the idealized Lewis structure into empty non-Lewis orbitals. For each donor NBO (i) and acceptor NBO (j), the stabilization energy associated with the delocalization i → j is estimated as [67] . 
with q i being the donor orbital occupancy, ε i and ε j are the associated orbital eigenenergies, and F(i, j) is the respective off-diagonal NBO Fock matrix element.
Results and discussion

Structural properties
The radial distribution functions (RDFs) of the Cu 2+ -ligand interaction (i.e. Cu-N,O) and the respective individual Cu-O and Cu-N contributions along with the respective running integration are depicted in Fig. 1 .
To improve the clarity, the Cu-ligand RDF is shown at an offset of +0.5. The details of the structural data are summarized in Table 1 .
The Cu-N,O RDF shows a narrow first shell peak in the range of 1.97-3.17 Å (peak maximum at 2.19 Å) composed of six ligands followed by broad second shell peak ranging from 3.17 to 5.45 Å (peak maximum at 4.55 Å) being on average populated by 13.5 ligand molecules. Decomposition of the total RDF into the contributions arising from the Cu-N and Cu-O interaction shows that the first shell is exclusively occupied by ammonia molecules. In contrast, the second shell is on average populated by 8.8 H 2 O molecules, whereas the average number of NH 3 ligands is only about 4.7. The Cu-O and Cu-N pair distribution also show, that the ammonia content tends to decrease upon increasing Cu-ligand distance, while at the same time the pair density of H 2 O molecules is increasing.
Close inspection of the first shell peak demonstrates a pronounced tailing towards larger distances, which has been attributed to the influence of the Jahn-Teller (JT) distortion of the solvation complex [68, 69] . In order to obtain detailed insight into the impact of the JT effect and the associated ligand dynamics, the pair distances observed for the three trans-NN pairs present in the first solvation shell have been plotted against the simulation time (see Fig. 2a-d ). It can be seen that the three NN-distances undergo structural changes between stationary distances being at approximately 4.3 and 5.0 Å at the picosecond time scale. The maximum and minimum distances of the respective solvation shells r M and r m are given in Å, CN 1 and CN 2 are the respective average coordination numbers.
Whenever the distance between ligands associated to an elongated NN-pair is shortened, this process is compensated by elongating the distance of another NN-pair. Thus, on average two NN-pairs are found at distances close to 4.3 Å, whereas the third pair adopts an elongated distance. The observed ligand separations of 4.3-5.0 Å correspond to stable ion-N distances amounting to approx. 2.15 and 2.50 Å, respectively. However, it can be seen that in many instances the instantaneous N-N distances are at an intermediate state in the range of 4.5-4.7 Å (corresponding to Cu-N distances of 2.25-2.35 Å) arising from the conformational changes of the solvation complex occurring on the picosecond scale. This may explain why the accurate determination of the axial and equatorial distance is particularly challenging. Decomposition of the first shell peak of the Cu-N distribution (see Fig. 2e ) demonstrates that each of the three N-N pairs indeed show highly similar contributions to the overall Cu-N RDF. A comparison between the structural data obtained from this simulation study and data reported in the literature is presented in Table 2 . The structural properties are consistent with the experimental study based on EXAFS [7] reporting the solvation of Cu 2+ in aqueous ammonia as an octahedral structure with the presence of four equatorial and two elongated axial ligands. The remaining deviation in the ion-nitrogen distances can be attributed to the challenging nature of the dynamic Jahn-Teller effect on the one hand and the possibly influence of perchlorate as counter ions at the comparably high concentrations employed in the experimental studies [7] . The distance of the Cu 2+ -NH 3 interaction in aqueous ammonia is shorter than that observed in the aqueous case [6, 15] , which was shown to be longer than in pure liquid ammonia solutions [7, 12] . These findings highlight the impact of the presence of water on the interaction between Cu 2+ and NH 3 ligands in aqueous ammonia, which is in line with the hard/soft Lewis acids and bases (HSAB) classification [70] of water being a hard ligand compared to NH 3 , which is typically attributed as being soft [71, 72] . In contrast to the zero RDF intensity separating the first and second shell peak in the Cu-N RDF, which is associated to the absence of first shell ligand exchange, the broad second shell peaks in the Cu-N and Cu-O RDFs imply that a higher solvent mobility linked to the exchange of ligands with the surrounding bulk phase is observed. Since the coordination numbers obtained from the integration of the radial distribution functions correspond to the ensemble average over the whole simulation trajectory, the respective variation has been investigated using coordination number distribution (CND) plots shown in Fig. 3 . As expected, the coordination number in the first solvation shell is found to be exclusively six.
In the second solvation shell, a broad distribution of coordination numbers of NH 3 ligands ranging from 2 to 8 with the highest probability of 33.0 % being observed for coordination number 5. This broad distribution The first shell Cu-ligand distance r Cu-Ligand is reported in Å, CN is the associated coordination number of the first solvation shell. results due to the large distances between the ion and ligands that cause a high ligand mobility and rapid ligand exchange between the second shell and the bulk phase. The associated fluctuating time series of second shell coordination numbers shown in Fig. 4 point towards the occurrence of a large number of ligand exchange events. Despite the rapid fluctuation of the individual time series of water and ammonia, the respective sum displays a notably smaller variation over the simulation trajectory.
In order to obtain further details on the structural properties in the first solvation shell, the ligandion-ligand angular distribution function (ADF) was evaluated. Because only ammonia ligands are present within the first solvation shell, only the N-Cu 2+ -N angle had to be calculated (Fig. 5 ). Two peaks ranging from 69.5°-114.5° and 155.5°-179.5° with maxima at 90.5° and 174.5° are visible, which correspond to the octahedral geometry of the solvation complex. Thus, despite the dynamical character of the Jahn-Teller effect leading to strong variations of the instantaneous Cu 2+ -N distances, the average angle distribution analysed over the whole simulation trajectory corresponds to that of an ideal octahedral solvation complex.
Ligand dynamics
The ligand dynamics in the solvation shells is evaluated employing the time evolution of all ligand visiting the first and second solvation layers of Cu 2+ (see Fig. 6 ). This dynamical analysis confirms that only N-atoms are present in the first shell and no ligand exchange between first and second solvation shell is observed. In contrast, ligands in the second shell show a high degree of mobility and frequently undergo exchange reactions with the bulk phase. The mean residence time (MRT) of second shell ligands was determined via direct monitoring of ligand exchange events [38] . The resulting MRT values were determined as 2.2 ps and 2.6 ps for ammonia and water ligands, respectively. Thus, although ammonia forms a highly stable first solvation shell, the second shell MRT value is shorter than that of water, which can be attributed to the weak hydrogen bond properties of the NH 3 molecules compared to H 2 O.
The vibrational power spectra of the octahedral A 1g , E g , T 1u and T 2g -modes of the [Cu(NH 3 ) 6 ] 2+ complex obtained via Fourier transform of the projected velocity auto-correlation functions are depicted in Fig. 7 . The A 1g -mode corresponding to the symmetric stretch vibration enables a direct analysis of the associated ionligand force constants. Two peaks at 200 and 385 cm −1 are visible in the spectrum of the A 1g -mode, with corresponding average force constants of 27 N m −1 and 100 N m −1 , representing the different bond strength of the equatorial and axial ion-ligand interactions present in the Jahn-Teller distorted complex. This finding agrees well with the force constants for Cu 2+ in aqueous solution [15] reported as 63 and 121 N m −1 .
Natural bond orbital (NBO)
The application of the NBO analysis was employed as an additional characterization to evaluate the properties of the ion-ligand interaction and the associated stabilization energy. Recently, this analysis has been successfully employed to characterize the ion-ammonia interaction in studies of K + and Rb + in pure liquid ammonia [36, 41] as well as Cu + in aqueous ammonia solution [73] .
In this work, the NBO analysis is applied to the solvated complex [Cu(NH 3 ) 6 ] 2+ . The Cu 2+ -NH 3 binding is dominated by orbital interactions between the unoccupied valence non-bonding (LP*) of Cu 2+ and (i) the lone-pair orbitals (LP) of the N-atoms as well as (ii) the bonding N-H orbitals (BD) of ammonia. The associated Wiberg bond indices (WBIs) and the stabilization energy of specific donor-acceptor NBOs are listed in Table 3 . The values for the WBIs in the range from 0.15 to 0.23 imply that although the ion-ligand interaction is dominated by electrostatic contributions, a residual covalent contribution appears to be present in the Cu 2+ -NH 3 binding.
The nature of the Jahn-Teller distorted solvation complex is visible in the Wiberg bond indices as well. While the four equatorial ammonia ligands show consistent bond indices of 0.23, the associated values for the axial NH 3 pair only amount to 0.15 and 0.17, respectively. The same trend is visible in the respective stabilization energy estimated for individual orbital interactions. While values in the range from 230 to 260 kJ mol −1 are observed for the four equatorial ligands, significantly lower stabilization energies of 128 and 159 kJ mol −1 are obtained for the NH 3 molecules in axial position. As expected, the main contribution to the donoracceptor interaction stems from the LP of the N-atoms acting as donor NBO, however, the contributions from the N-H bonding orbitals still are significant. This analysis demonstrates that the analysis of natural bond orbitals can also be employed to study complex chemical interactions in a Jahn-Teller distorted coordination complex.
Conclusion
This QMCF MD simulation study of Cu 2+ in 18.6 % ammonia solution demonstrates that theoretical approaches provide a reliable alternative route to study challenging solvation complexes in mixed aqueous solutions and that the simulation results can be further supported by the results of a natural bond orbital analysis. The structural and dynamical properties obtained from the simulation as well as the energetic properties resulting from the NBO calculation clearly highlight a pronounced impact of the Jahn-Teller effect. A stable, octahedral first-shell solvation complex composed of six ammonia ligands, [Cu(NH 3 ) 6 ] 2+ , was observed along the 20 ps simulation trajectory, whereas the second solvation shell shows a higher population by water molecules. The analysis of the impact of Jahn-Teller distortion on opposite first shell NH 3 pairs showed that on average two ligands are located at elongated coordination sites, whereas the remaining four ligands are observed at shorter distances. However, these distortions of the underlying octahedral coordination are found to be highly dynamical and interchange within the picosecond scale. Despite the frequent conformational changes, no exchange of first shell ligands along the simulation was observed. In contrast, both ammonia and water ligands in the second shell are highly mobile, resulting in frequent ligand exchange reactions between the second shell and the bulk phase. The second shell mean residence time of water is slightly longer than that of ammonia, which can be attributed to the weaker hydrogen bonding for the latter molecules. The vibrational frequency of the Cu 2+ -NH 3 interactions is also influenced by the Jahn-Teller effect, resulting in a lower ion-ligand stretching frequency and a weaker average ion-ligand bond force constant consistent with the results reported for aqueous Cu 2+ .
The Wiberg bond indices obtained from the NBO analysis in the range of 0.15-0.23 show that the Cu-N interactions in the [Cu(NH 3 ) 6 ] 2+ complex are predominantly coulombic with a residual covalent character. As expected, the main contribution to the Cu 2+ -NH 3 binding results from orbital interactions between the unoccupied LP* of Cu 2+ and the lone-pair orbital of the nitrogen atoms, however, the interaction between LP* and the N-H bonding orbitals were found to provide a minor contributions as well.
